In many sensory systems, perception of stimuli is influenced by previous stimulus exposure such that subsequent stimuli may be perceived as more neutral. This phenomenon is known as an aftereffect and has been studied for vision, audition, and some vestibular stimuli including roll and translation. Previous data on yaw rotation perception has focused on lowfrequency stimuli on the order of a minute which may not be directly applicable to frequencies during ambulation. The aim of the current study is to look at the influence of yaw rotation on subsequent perception near 1 Hz, the predominant frequency of yaw rotation during human ambulation. Humans were rotated with 12°whole body adapting stimulus over 1 or 1.5 s. After an interstimulus interval (ISI) of 0.5, 1.0, 1.5, or 3 s, a test stimulus the same duration as the adapting stimulus was presented, and subjects pushed a button to identify the direction of the test stimulus as right or left. The direction and magnitude of the test stimulus was adjusted based on prior responses to find the stimulus at which no rotation was perceived. Experiments were conducted both in darkness and with a visual fixation point. The presence of a fixation point did not influence the aftereffect which was largest at 0.5 s with an average size of 0.78±0.18°/s (mean±SE). The aftereffect diminished with a time constant of~1 s. Thresholds were elevated after the adapting stimulus and also decreased with a time constant of~1 s. These findings demonstrate that short adapting stimuli can induce significant aftereffects in yaw rotation perception and that these aftereffects are independent from the previously described velocity storage.
INTRODUCTION
The vestibular system drives reflexes and also drives perception including orientation. The challenges to the vestibular system are different in these roles, and thus, vestibular reflexes often do not correlate with perception (Barnett-Cowan et al. 2005; Merfeld et al. 2005a; Bertolini et al. 2011) . For instance the vestibulo-ocular reflex (VOR) must respond similarly to every head movement for visual stability to be maintained, while it is much less important for perception of repetitive movements be the same each time the stimulus is encountered.
A further challenge the vestibular system faces is that the semicircular canals do not directly encode head velocity but rather they detect the motion of fluid in the canals relative to the surrounding bone. Therefore, a continuous rotation cannot be encoded because the fluid will reach the velocity of the surrounding bone with a time constant of~4 s (Goldberg and Fernandez 1971; Dai et al. 1999; Ifediba et al. 2007) . A central velocity storage mech-anism (VSM) acts to prolong this signal to a time constant of 10-30 s (Young and Oman 1969; Cohen et al. 1981; Bertolini et al. 2011) , thus correcting for this deficiency of the semicircular canal and providing a better estimate of head motion (Laurens and Angelaki 2011) . This VSM is most frequently studied during velocity steps or after such rotations have abruptly stopped (Cohen et al. 1981; Keller and Henn 1984; Okada et al. 1999; Sinha et al. 2008; Bertolini et al. 2011; Bertolini et al. 2012) . Thus the influence of the VSM on perception of low-frequency stimulation is clear, in that it causes the perception to persist with a time constant consistent with the VSM.
The potential influence of the canal physiology and the VSM has also previously been considered for perception of isolated yaw rotations of shorter durations. It has been shown that the threshold of yaw rotation perception sharply increases below frequencies of about 0.2 Hz Grabherr et al. 2008; Soyka et al. 2012 ). Modeling of these velocity thresholds has shown that this increase occurs at higher frequency than would be predicted by models of VSM or even the time constant of the semicircular canal itself (Grabherr et al. 2008) .
The current paper investigates the possibility that the VSM might influence perception of recurring yaw rotations above 0.5 Hz. This is a highly relevant frequency realm because prevalent frequency of yaw rotation during human ambulation is near 1 Hz (Grossman et al. 1989; Crane and Demer 1997) . In many areas of sensory perception, exposure to a stimulus causes a subsequent similar stimulus to be perceived as more neutral. Similarly, presentation of a neutral stimulus may be perceived as opposite the initial stimulus. A classic example is the "waterfall illusion," a visual motion aftereffect in which shifting gaze from a waterfall to nearby rocks causes the perception that they are moving upward (Addams 1834). Such aftereffect phenomena have been described over a wide range of frequencies in vision (Anstis et al. 1998; Thompson and Burr 2009), audition (Reinhardt-Rutland 1990; Bestelmeyer et al. 2010) , and proprioception (SeizovaCajic et al. 2007 ). Vestibular aftereffects have been described with fore-aft translation ) and roll (Ercoline et al. 2000; Nooij and Groen 2011; . These aftereffects occur via multiple neural mechanisms (Mather et al. 2008) . The goal of the current study is to examine the influence of prior yaw rotation on perception of subsequent vestibular stimuli.
MATERIALS AND METHODS

Equipment
Motion stimuli were delivered using a 6-degree-offreedom motion platform (Moog, East Aurora, NY, USA, model 6DOF2000E) similar to that used in other laboratories for human and monkey motion perception studies (Grabherr et al. 2008; Fetsch et al. 2009; MacNeilage et al. 2010; Valko et al. 2012 ) and previously used for translation ) and roll aftereffect studies in the current laboratory. Subjects were seated upright in a padded racing seat (Corbeau, Sandy, UT, USA, model FX-1) mounted on the platform which included high lumbar and seat bolsters. The head was fixed using an appropriately sized football style helmet which was rigidly fixed to the motion platform with an inflatable liner to prevent decoupling of the head as previously described .
In some trials, a visual fixation point was presented on a horizontal color LCD screen measuring 115.6 by 64.8 cm with a resolution of 1,920×1,080 pixels (Samsung model LN52B75OU1FXZA). The subject was seated 50 cm from the screen that filled a 98°field of view in azimuth. A fixation point consisted of a 2×2 cm midline cross at eye level.
A masking noise was delivered as previously described (Roditi and Crane 2012b). The rotation axis was adjusted so it was always located between the external auditory canals to minimize lateral translation of the labyrinth.
A hand-held button box was used to collect responses. The center button was pressed by the subject to initiate each stimulus. The two buttons at either end were used to identify the perceived direction of yaw rotation as left or right.
Stimuli
All trials included a test stimulus in which the subject was asked to report the perceived direction of rotation. Aside from a control condition in which only the test stimulus was presented, in most trial blocks, there was also included an adapting stimulus which when present always preceded the test stimulus (Fig. 1) . There was an interstimulus interval (ISI) in which no motion occurred between the adapting and test stimuli. The adapting stimulus was always a constant amplitude of 12°, but for each block of trials, the direction was randomly interleaved such that it could occur in either the right or left direction. Following the randomized adapting stimulus, the test stimulus could also be in either the rightward or leftward direction. Unlike the adapting stimulus, however, the amplitude and direction of test stimulus was adjusted based on a subject's prior responses. Both stimuli consisted of a sine wave in acceleration, 1 s in duration for most experiments. The equations which describe these stimuli have been previously published and are similar to those used in other motion perception studies (Benson et al. 1986; Grabherr et al. 2008; . A small amount of mechanical oscillation limited to the foreaft direction was added to each test stimulus presentation to minimize non-vestibular cues such as noise and vibration .
The experiment was performed in two ways: with a visual fixation point (FP) and with no fixation (NF) point. The FP was a 1-cm cross on a video display centered between the eyes at eye level. The rest of the screen was dark. Partitions on the sides and top of the screen obstructed from view any earth-fixed objects which could have given cues to the direction of movement. The NF trials were conducted in darkness. During both sets of trials, the right eye position was monitored and recorded at 60 Hz using an infrared video eye tracking system (LiveTrack, Cambridge Research Systems, Rochester England). The eye tracking system was predominantly used to ensure subjects maintained fixation during the FP trials even though lack of distracting stimuli made fixation failures extremely rare.
Trial blocks included trials with a single viewing condition (FP or NF) and ISI. In two blocks of trials (one FP and one NF), only the test stimulus and no adapting stimulus was given. In the remaining eight trial blocks, each test stimulus was preceded by an adapting stimulus. Each of these trial blocks included a single ISI of 0.5, 1.0, 1.5, or 3.0 s and was done with a FP and with NF. The order in which trial blocks were completed was randomized for each subject. After each test stimulus, the subject returned to the starting position. The adapting stimulus was always 12°(peak velocity 24°/s, peak acceleration 75°/s/s) with leftward and rightward adapters randomly interleaved so that adapters of both directions were evenly distributed and unpredictable within a trial block.
The maximum test stimulus amplitude was 3°over 1 s (1.0 Hz, peak velocity 6°/s, peak acceleration 19°/s/s). An adaptive staircase was used to determine which stimuli to present next based on previous responses. The staircases were designed to start with stimuli large enough to be unambiguously perceived and work toward smaller stimuli. Interleaved independent staircases were used, one staircase started with rightward rotation and the other with leftward rotation. This was done to eliminate any potential artifacts based on the initial test stimulus and minimize the ability of subjects to identify patterns in the stimulus presentation. Each pair of staircases contained 50 stimulus presentations; thus, each block of trials using an adapting stimulus included 100 pairs of adapting and test stimuli. After each response the stimulus velocity was adjusted in the opposite direction. Thus, the staircases tended to deliver most stimuli in a range where subjects were likely to perceive a movement in either direction equally. However, there were not necessarily equal numbers of test stimuli on either side of zero. With each reversal in response direction, the step size decreased by half down to a minimum of 0.4°/s. The level was changed in a 1-up, 1-down manner-i.e., a leftward response causes the next stimulus to be delivered in a more rightward direction and vice versa. If the subject did not respond with a perceived direction within 2 s, no response was recorded, and the stimulus was re-presented when that staircase was active again. These types of lapses were rare and occurred in G1 % of stimulus presentations. This type of algorithm has been previously used in the current laboratory Roditi and Crane 2012a; Crane 2013) as well as by others (Fetsch et al. 2009; MacNeilage et al. 2010 ). The examples shown would have occurred at the start of a trial block when the largest test stimuli (3°) were used. In this example, the adapting stimulus was 12°of motion to the right and is the same for both trials. The same movement is shown in the acceleration (top panel), velocity (middle panel), and position (bottom panel) domains. The adapting stimulus occurred during the initial 1 s (blue shading), the ISI from 1 to 1.5 s (no shading), and the test stimulus from 1.5 to 2.5 s (yellow shading). The test stimulus could be in either direction: right (black) and left (red dashed).
An additional test condition was performed about 1 year after the initial experiments. This test consisted of a 1.5 s, 12°adapting stimulus (0.66 Hz, peak velocity 16°/s, peak acceleration 33.5°/s/s) and a 1.5 s test stimulus. The ISIs tested (0.5, 1.0, 1.5, and 3 s) were similar to the previous condition, and all trials were collected with NF point.
Subjects
A total of nine human subjects participated in the experiment. There were three women and six men with a mean age of 46±18 (mean±SD, range 20-69). Subjects were chosen to cover the range of ages in the adult population. Prior studies have not shown thresholds of rotation perception to vary by age in this range (Roditi and Crane 2012b). To prevent fatigue, trial blocks were completed over three to five testing sessions which took place on separate days. Subjects took breaks between trial blocks on the same day. Informed written consent was obtained from all participants. Two of the subjects (4 and 7) were familiar with the design of the experiment, and the remaining subjects were naïve. The protocol was approved by the University of Rochester Research Science Review Board.
All subjects were screened prior to participation. The screening included caloric testing, an audiogram, visual acuity testing, and screening questions to rule out any known history of vestibular disease or cognitive deficit. Based on these results, the subjects had normal peripheral vestibular function and hearing.
Analysis
The percentage of rightward responses for each stimulus level was plotted as a function of the test stimulus delivered (Fig. 2) . A cumulative Gaussian function with confidence intervals was determined from those data points using a Monte Carlo maximum-likelihood criteria as previously described (Wichmann and Hill 2001a, b) and used by others (Fetsch et al. 2009; MacNeilage et al. 2010) as well as in the current laboratory Roditi and Crane 2012a) . Data from each subject was resampled and fit 2,000 times so that multiple estimates of the mean and standard deviation could be generated and 95 % confidence intervals determined based on the upper and lower bounds that contained 95 % of the estimates ( Fig. 3(C) ). The mean of the psychometric function is referred to as the bias. Thus, if the mean is at zero (common when no adapting stimulus was present), there is no bias. Very frequently, the psychometric function was shifted such that a neutral stimulus would be perceived in the direction opposite the earlier adapting stimulus. This type of bias is referred to as an aftereffect. The term aftereffect relates the direction of the bias to the direction of the adapting stimulus. The size of the aftereffect was determined by subtracting the bias with a rightward adapting stimulus from the bias with a leftward adapting stimulus and dividing with an ISI of 0.5 s and a 1 s adapting/test stimulus. Gray circles in the two upper panels are sized proportionally to the number of responses represented. A CDF was calculated from each data set as a method of determining the mean (bias) and sigma (threshold) for each test condition. In this subject, the shift in the CDF was larger with the rightward adapter. Although such asymmetries were common, they did not occur systematically in the same direction.
Top panel: Best fit of a CDF to trials in which the adapting stimulus was to the left. The mean of the CDF is near zero. Middle panel: The CDF fit to trials in which the adapting stimulus was a rightward rotation. The mean is shifted towards right indicating that a neutral stimulus is now more likely to be perceived as left. Bottom panel:
The CDF was fit to the data in the previous panels after being randomly resampled 2,000×. The histograms of these fits are shown which demonstrates a significant difference between the two curves with no overlap. The y-axis is of arbitrary units and is not labeled.
by two in each of the 2,000 fits thus allowing a mean and 95 % confidence interval to be determined. This curve fitting method was also applied to data combined across subjects so that parameters could be determined. In every case, the aftereffect found by averaging the individual fits was within 0.1°/s of that obtained by fitting combined data.
The repeated measures analysis of variance (ANOVA) was used to compare the bias between subjects and test conditions for conditions when an adapting stimulus was given. Factors included adapter direction and ISI. The Kruskal-Wallis test was also performed as a non-parametric test when an ANOVA was found to be significant. Pearson's correlation coefficient was used to test the significance of correlations between groups. Statistical significance was defined as pG0.05.
The parameters of an exponential decay function were fit to individual aftereffect responses using the equation, y=Ce − t/τ , where y is the size of the aftereffect, C is a constant, and τ is the time constant. This was done using the solver function in Microsoft Excel with the objective of minimizing the error between the predicted and observed aftereffect size.
A control systems model of vestibular perception w a s i m p l e m e n t e d ( M A T L A B S i m u l i n k module-version 2012b) which incorporated the major features of the models previously developed for velocity storage in eye movement recording (Robinson 1977; Raphan et al. 1979) , then modified for use with vestibular perception with velocity (Bertolini et al. 2011) , and recent models of yaw perceptual thresholds (Grabherr et al. 2008; Soyka et al. 2012 ).
RESULTS
All subjects were able to correctly and reliably identify direction of the test stimulus at the extreme range: 3°of motion (peak velocity 6°/s) presented after the larger adapting stimulus at the beginning of the staircase.
The baseline bias (mean of the cumulative distribution function (CDF)) and threshold (sigma of the CDF) was determined by fitting a CDF to each subject's responses (Fig. 2 ) using the test stimulus without an adapting stimulus. In every instance the bias was G0.6°/s (Fig. 3A) . For a 1 s test stimulus, mean bias had a peak velocity of 0.22± 0.18°/s. The bias was similar between the FP and NF conditions (ANOVA, p=0.94, F=0.006). The threshold was lower in seven of the nine subjects in the FP condition when compared with NF (Fig. 3B) . With the FP, the mean threshold was 0.33±0.17°/s (mean±SD), while in the NF point condition, it was 0.90±0.72°/s. The higher threshold in the NF condition relative to FP was not statistically significant (ANOVA, p=0.04, F=5.19; Kruskall-Wallis, p=0.17).
A 1 s long, 24°/s peak velocity adapting stimulus given prior to a 1 s test stimulus influenced how the test stimulus was perceived. The overall perception of the test stimulus was biased in the opposite direction of the adapting stimulus (Fig. 4) such that the bias represented an aftereffect. Similar to the test stimulusonly condition, the presence or absence of a visual reference point (FP vs. NF) had no significant influence on the bias (ANOVA, p=0.88, F=0.024). The significance of the adapter's influence on the bias was determined by performing multiple samplings and a refitting of the subjects' data as described in the "MATERIALS AND METHODS" and shown in Figure 2 . In all the subjects, the difference in biases with adapter direction was in the direction consistent with an aftereffect for the 1 s adapter/test stimulus pairs for the short ISIs of 0.5 and 1.0 s (Fig. 4) . With longer ISI, the aftereffect was generally smaller. There was significant variation between subjects in both the detection threshold (Fig. 3B ) and the size of the aftereffect (Fig. 4) . A single subject (#5) had a very large aftereffect even though the threshold in this subject was not extreme. A 1.5 s adapting stimulus with a displacement similar to the 1 s adapter was used with a 1.5 s test stimulus. These conditions were performed with NF and demonstrated a significant aftereffect in four of seven subjects (Fig. 5A) . Interestingly, this condition sometimes produced a large aftereffect for some subjects (e.g., subject #9) who had only a minimal aftereffect with a 1 s test stimulus and adapter. There was a negative correlation between the size of the aftereffect with the 1 s adapter/test and the 1.5 s adapter/test (R=−0.32) although this trend was not significant (p=0.36).
Six of the nine subjects (2, 3, 4, 6, 7, 9) completed the NF portion experiment with slightly altered stimulus parameters. Using the same ISIs of 0.5, 1.0, 1.5, and 3 s, the adaptive stimulus was lengthened from 1.0 to 1.5 s (peak velocity 20°/s), and the test stimulus was shortened from 1.0 to 0.5 s. The subjects showed no reliable aftereffect at the new adaptive and test stimulus frequencies, even though they did demonstrate considerable aftereffect in the protocols with the adapter and test stimuli with similar durations (individual data not shown).
The bias in the perception of the test stimulus caused by the adapter (aftereffect) was larger with shorter ISI (Fig. 6A ) for both conditions with FP and NF. These conditions were only done with the 1 s adapter and 1 s test stimulus and were not repeated for the other stimulus conditions because they had no influence on the size of the aftereffect. However, the effect of ISI on the aftereffect size was significant when an adapting stimulus was given (ANOVA, p= 0.002, F=5.21; Kruskal-Wallis, pG0.001, H=164). Similarly the threshold for discrimination of the test stimulus was significantly higher after shorter ISI (Fig. 5B, ANOVA, p=0 .003, F=4.92; Kruskal-Wallis, pG0.001, H=78).
With increasing ISI, the aftereffect diminished and the threshold approached the baseline value. The decrease of both was closely approximated using an exponential decay function (Fig. 7) . The time constant of the aftereffect decay was 1.05 s when fit to the data combined across all subjects (Fig. 7A ) for a 1 s adapter and test stimulus. The time constant of the decay of the threshold to the baseline value was similar at 1.33 s when fit to the combined data (Fig. 7B) . The aftereffect was only definitively present at a 0.5 s ISI with the 1.5 s adapter/test stimulus pair and could not be demonstrated with the 1.5 s adapter which was paired with a 0.5 s test stimulus (Fig. 7A) . However, all of the conditions demonstrated a similar increase in threshold after an adapting stimulus even when no aftereffect was present (Fig. 7B ).
An exponential decay function was also fit to the individual data which demonstrated a mean time constant of 1.2±0.6 (mean±SD) with a range of 0.6 to 2.5 s for a 1 s adapter and 1 s test stimulus (Table 1) . However, in three subjects, the aftereffect size was poorly predicted by an exponential decay function as determined by the coefficient of determination for the best fit being below zero, indicating that simply using the average value at every time point fit better than the best fit of the function. This occurred in subjects 1 and 9 because there were negative aftereffects at some ISIs. In subject 6, there was an aftereffect which increased slightly at later ISIs. These subjects tended to have time constants at the extremes of the range, but when these three subjects were excluded from the average, the time constant remained essentially the same 1.2±0.4 s (range 0.7 to 1.9). This exponential decay function was also fit to individual subjects in the 1.5 s adapter/test stimulus condition and found to have a slightly shorter average time constant at 0.8±0.3 s (range 0.2 to 2.2).
To understand the current results in terms of velocity storage, a control systems model was implemented. The model implements the two main features of previous velocity storage models (Fig. 8) : First, there is an element that implements the known dynamics of the semicircular canals with a time constant of about 4 s. In the current model, the canal time constant (τ C ) was set as 4 s. The second feature is also a central velocity storage loop (referred to in some previous models as the VSM) which has a time constant (τ L ) that is meant to correct the semicircular canal dynamics. In the proposed model, the loop time constant is also set to 4 s. The central velocity storage loop also has an output gain (G o ) and an internal gain (G i ). With just these elements, and both gains set to unity, the output of the system (perceived velocity) will exactly match the head velocity. However, real biological systems have noise and cannot operate this way because the noise would lead to large offsets over time which do not occur (Laurens and Angelaki 2011). For this reason, there is usually negative feedback built into the central velocity storage loop. To stimulate this, G i is set to −1/15 s, a value previously found to fit vestibular perception after long duration rotation (Bertolini et al. 2011 ) and identified as a typical value in a recent review (Laurens and Angelaki 2011). However, this velocity storage model did not predict the current observations. Two additional models, both proposed to explain perceptual thresholds of low-frequency rotations, were closely examined and found to include only a semicircular canal with a time constant near 1 s and no velocity storage loop (Grabherr et al. 2008; Soyka et al. 2012 ). These models had a similar and much closer approximation of the current results (Fig. 8) 
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DISCUSSION
The current results demonstrate a perceptual aftereffect for yaw rotation. Despite variation between subjects in the size of the effect, most subjects demonstrated the phenomenon. To our knowledge, this is the first time such an aftereffect has been described in yaw. When considered in the context of other modes of sensory perception, this finding is not surprising. But in the context of previous studies of yaw rotation perception that have focused on long duration stimuli in which velocity storage is predominant (Keller and Henn 1984; Sinha et al. 2008; Bertolini et al. 2011; Bertolini et al. 2012 ), these findings may be unexpected. The reason aftereffects were not found in the previous studies was likely because the duration of stimuli was relatively long (i.e., on the order of minutes) a time course where velocity storage may be predominant. The current study was designed to identify the mean of a CDF rather than threshold (i.e., sigma or the width of the CDF). The staircase used (1-up, 1-down with variable step size) tended to concentrate most stimuli at the end of a trial block near the mean rather than at the shoulders of the psychometric
TABLE 1
Fit of exponential decay function to individual aftereffect data by subject. Data from each subject were fit to the equation y=Ce −t/τ , where y is the size of the after effect, C is a constant which represents the predicted aftereffect at the end of the stimulus, and τ is the time constant. The coefficient of determination (R 2 ) was determined for each fit. In individuals marked with an asterisk, the calculated coefficient of determination was less than zero indicating that the average value fits the observations better than the best fit of the model. Boxes were left blank for some subjects with the 1.5 s -1.5 s condition if the subject was no longer available for testing function which might be better for determining threshold. Despite this, the results clearly demonstrated that the thresholds increased after an adapting stimulus, but the absolute values of these thresholds may not be accurate. This is especially true of extremely low thresholds as the minimum step size in the test stimulus was 0.4°/s. Additionally, a recent paper has shown that adaptive psychometric techniques themselves can be a potential source of systematic errors when measuring threshold (Chaudhuri and Merfeld 2013). The thresholds reported here with the 1 Hz test stimulus alone and NF was identical to 0.9±0.7°/s as previously reported in the current laboratory using a different staircase technique (Roditi and Crane 2012b) and similar to that found by others Grabherr et al. 2008) . The current study controlled for factors that may have introduced systematic errors in the determination of the mean of the CDF by doing a control condition in which the test stimulus was presented without an adapter and by interleaving trials with adapting stimuli in opposite directions.
The recent literature on yaw rotation perception presents two competing models to describe perception. One model is based on perceived rotation after a long constant velocity rotation ends (Bertolini et al. 2011) . This model predicts a prominent roll for the VSM with a time constant of 15.5 s, while the canal has a time constant of about 5.6 s (Fig. 8, green) . The other model is based on perceptual thresholds of rotations at 0.2 Hz and below (Grabherr et al. 2008; Soyka et al. 2012) . These similar threshold models propose a shorter canal time constant (~1 s) with no VSM component (Fig. 8, red and blue) . The implications of both models with respect to the current findings will be considered in turn.
Applying the previously proposed model of rotation perception after a velocity step (Bertolini et al. 2011) to the current stimulus predicted an aftereffect with a decay time much longer than is observed (Fig. 8, green) . Although the parameters for the model presented are based on the average of all their subjects, they divided subjects into three categories. However, all of these categories included relatively long time constants for the VSM and semicircular canals and hence did not provide a good fit of the current data. If the parameters of the model were varied individually, the model would fit better if the VSM was turned off due to the decrease of the time constant to that of the canals. However, that would still be too long to describe the current results. It should be mentioned that similar longer duration constant findings have also been reported by others in response to velocity steps (Keller and Henn 1984; Sinha et al. 2008) . The reason this model does not fit is that both branches of the model (the semicircular canal and VSM) have time constants much longer than what is currently observed. Therefore, this model does not describe the response to relatively high-frequency stimuli such as those currently tested.
The other type of model includes only a semicircular canal and no central VSM (Fig. 8, red and blue) . When thresholds of individual stimulus presentations were examined (Grabherr et al. 2008; Soyka et al. 2012 ), a sharp increase in thresholds at frequencies below 0.2 Hz has been described. This finding is consistent with a short semicircular canal time constant with no VSM. The time constant was estimated by Grabherr et al. to be 0.7 s. Soyka et al. estimated the time constant from their data using a slightly different model to be very similar 0.68 s, but when they included historical data sets , they found the time constant could be as long as 2.16 s. Thus, the thresholds were best described not only by the absence of velocity storage, but by a time constant significantly shorter than the previous~4 s estimates of the human semicircular canal itself (Dai et al. 1999 ) based on measurements of the VOR or the 5.6 s estimated from perception after velocity steps (Bertolini et al. 2011 ). However, both of these studies predicted that the influence of this time constant on yaw rotation perceptual thresholds would be negligible above 0.5 Hz and did not consider the potential influence of a preceding stimulus such as that used in the current study. Despite the differences in the stimulus and task used, these models developed for perceptual thresholds of low-frequency rotations provided an excellent fit to the current data (Fig. 8) . One of these models considered the semicircular canal as a simple first-order high-pass filter (Grabherr et al. 2008) while the other considered a model with more parameters although the models were fit using the same number of free parameters (Soyka et al. 2012 ). Both of these models found the dominant time constant to be similar at τ=0.7 s (Grabherr et al. 2008) or τ 1 =0.68 s (Soyka et al. 2012) . The predictions of these two models are virtually indistinguishable in the frequency domain tested in the current experiment (Fig. 8) . Although all of these models provide a reasonable approximation of the current results (Fig. 8) , the best fit to the data was with a time constant of 1.05 s using the simpler Grabherr et al. model. The aftereffects observed with the current stimulus parameters are consistent with a relatively short time constant of the canals with no influence on the VSM.
Velocity storage is classically studied during longduration stimuli; thus, it is possible that the 1 and 1.5 s stimuli used here do not cause significant activation of this system. The control system model of velocity storage (Fig. 8) proposed by others (Bertolini et al. 2011 ) does predict an effect for the stimulus used here, although this model was developed based on velocity step stimuli. Therefore, it is perhaps not surprising that it cannot be extrapolated to the much shorter stimuli presently studied. It has also been argued that velocity storage may function to overcome physical limitations of the semicircular canals which could help maintain rotation signals during 1-3 s rotations that occur during normal activity (MacNeilage et al. 2008; Laurens and Angelaki 2011) . If this occurs, it is likely that the velocity storage system only influences reflex pathways in this time domain. In the current data, the presence of a fixation point had no influence on the time constant, even though such a visual stimulus greatly shortens the time constant of velocity storage (Cohen et al. 1977; Waespe and Schwarz 1986; Gizzi and Harper 2003) . This study provides mounting evidence that the mechanisms of vestibular perception and vestibular reflexes are fundamentally different (Barnett-Cowan et al. 2005; Merfeld et al. 2005a, b; Bertolini et al. 2011) .
The time constant of the rotational aftereffect reported here was about 1 s (Fig. 7) . This is shorter than the previous reports of 4 s or longer estimated by others (Goldberg and Fernandez 1971; Dai et al. 1999; Ifediba et al. 2007; Bertolini et al. 2011) , although the time constant of the human semicircular canal has not been directly measured. Two prior studies estimated the time constant to be~1 s which is similar to the current study (Grabherr et al. 2008; Soyka et al. 2012) . The time constant has also been estimated to be as short as 2 s in patients with congenital nystagmus (Demer and Zee 1984; Okada et al. 1999) , and time constants near 1 s have been reported in monkeys after chronic electrical vestibular stimulation (Merfeld et al. 2007 ). The estimate of the semicircular canal time constant may depend on some degree on how it is measured. For instance, when VOR thresholds are used, the thresholds do not increase at 0.2 Hz suggesting a longer time constant (Haburcakova et al. 2012) than is suggested by similar perceptual threshold experiments (Soyka et al. 2012) .
The current experiment demonstrated that yaw aftereffects were strongest when the test stimulus was the same duration as the adapter. The effect could be demonstrated using both 1 and 1.5 s stimulus adapter pairs. However, using a longer adapter (1.5 s) and shorter test stimulus (0.5 s) did not yield an aftereffect (Fig. 7) , even though similar stimulus parameters have been demonstrated to produce perceptual aftereffects with fore-aft translation ) and with roll ). Large differences in the duration of the adapting and test stimuli have also been shown to induce aftereffects in several other sensory stimuli including visual (Hershenson 1993; Leopold et al. 2005; Bao and Engel 2012) and auditory motion (Neelon and Jenison 2004) . A general theme in sensory aftereffects is that a longer period of adaptation leads to a stronger and longer aftereffect (Taylor 1963; Greenlee et al. 1991; Anstis et al. 1998; Neelon and Jenison 2004) , but the current data presents a rare exception to this, at least when the test stimulus and adapter are different durations. This provides yet another reason why aftereffects may not have been observed after long duration adapting stimuli (Keller and Henn 1984; Sinha et al. 2008; Bertolini et al. 2011; Bertolini et al. 2012 )-a similar duration test stimulus was not given.
In some subjects, the aftereffect was much stronger when the 1 s stimulus/adapter pair was used and all but absent for the 1.5 s stimulus adapter pair. The reverse was true in other subjects. The reason for this may be that the aftereffect is tuned to a frequency of yaw rotation commonly experienced during ambulation of about 1 Hz (Crane and Demer 1997) although the exact frequency likely varies between individuals which might explain the predominant frequency of the aftereffect. Since the type and frequency of motion during natural activities such as ambulation was not measured in these subjects, it will be left to future studies to investigate further.
In the current study, the mean aftereffect size was modest. At its strongest effect (0.5 s ISI and 1 s adapting/test stimulus), it still averaged about 0.8°/s at 0.5 s or about 3 % of the size of the adapting stimulus. In a prior study in the current laboratory, after a smaller roll stimulus with a similar peak velocity at 12°/s, the aftereffect amplitude was 3°/s or about 25 % of the adapting stimulus . With a fore-aft translation adapter at 20 cm/s, the aftereffect was largest with a 1 s ISI due to a priming effect which was present in some subjects at 0.5 s. However at 1 s, the aftereffect was about 1.5 cm/s or about 8 % of the size of the adapting stimulus . With visual stimuli, the aftereffect was previously shown to be 60 % of the adapting stimulus (Crane 2013) . The currently observed yaw aftereffect was comparatively but a fraction of the adapting stimulus. Also, the 1.5 s adapter followed by a 0.5 s test stimulus that was previously used for roll and fore-aft translation did not yield any aftereffect in the current study (Fig. 7) .
Given that derangements in velocity storage have been implicated as a mechanism of human pathology (Dai et al. 2003; Bertolini et al. 2012) , it is also possible that derangements in vestibular aftereffects could also give risk to clinically significant pathology such as motion sickness or motion intolerance.
The frequencies of stimulation studied here (1 and 0.66 Hz) are highly relevant and near the predominant frequency of yaw rotation during human ambu-lation (Grossman et al. 1989; Crane and Demer 1997) . The adapting stimulus used here was larger (12°) than is typical during ambulation (2-3°) (Crane and Demer 1997) , but the test stimulus at the point at which subjects are equally likely to perceive rightward vs. leftward rotation is smaller. The current stimulus conditions are also different from ambulation in that the stimuli were limited to a single frequency and there were not simultaneous stimuli in other directions. The current data demonstrates that perception of repeating stimuli at the same frequency is such that the perceptual bias and threshold of subsequent stimuli make them less likely to be perceived. Therefore, these rotational aftereffects may act as a filter allowing only the most atypical and potentially salient vestibular stimuli to be perceived.
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